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Reductive stressMethionine metabolism is disrupted in patients with alcoholic liver disease, resulting in altered hepatic
concentrations of S-adenosylmethionine (SAM), S-adenosylhomocysteine (SAH), and other metabolites. The
present study tested the hypothesis that reductive stress mediates the effects of ethanol on liver methionine
metabolism. Isolated rat livers were perfused with ethanol or propanol to induce a reductive stress by increasing
the NADH/NAD+ ratio, and the concentrations of SAM and SAH in the liver tissue were determined by high-
performance liquid chromatography. The increase in the NADH/NAD+ ratio induced by ethanol or propanol was
associated with a marked decrease in SAM and an increase in SAH liver content. 4-Methylpyrazole, an inhibitor
the NAD+-dependent enzyme alcohol dehydrogenase, blocked the increase in the NADH/NAD+ ratio and
prevented the alterations in SAMand SAH. Similarly, co-infusion of pyruvate, which ismetabolized by theNADH-
dependent enzyme lactate dehydrogenase, restored the NADH/NAD+ ratio and normalized SAM and SAH levels.
The data establish an initial linkbetween the effects of ethanol on theNADH/NAD+redox couple and the effects of
ethanol on methionine metabolism in the liver.ethionine adenosyltransferase;
cose+methionine; 4-MP, 4-
panol
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Ethanol exposure affects a wide spectrum of biochemical and
molecular processes in the liver leading to alcoholic liver disease. One
prominent feature of the ethanol-exposed liver is altered metabolism
of the essential amino acid methionine, manifested as changes in
the intracellular concentrations of S-adenosylmethionine (SAM), S-
adenosylhomocysteine (SAH) and other downstream metabolites
[1,2]. SAM is synthesized from methionine and ATP by the enzyme
methionine adenosyltransferase (MAT; EC 2.5.1.6), and SAH is formed
when the methyl group of SAM is transferred to one of a variety of
substrates, including proteins, DNA, RNA and lipids. SAH is a powerfulfeedback inhibitor of these methyltransferase reactions, and hepato-
cytes typically keep SAH levels low relative to SAM levels through the
action of SAH hydrolase (SAHH; EC 3.3.1.1.) which catalyzes the
reversible hydrolysis of SAH to homocysteine and adenosine. Ethanol
can alter the expression and activities of these enzymes [3,4], but the
precise mechanisms by which this occurs are still unclear.
Another characteristic response to ethanol exposure is the
conversion of NAD+ to NADH as a consequence of the metabolism
of ethanol to acetaldehyde by the NAD+-dependent enzyme alcohol
dehydrogenase (EC 1.1.1.1). The resulting increase in the ratio of
NADH/NAD+ constitutes a reductive stress [5] and has been observed
following chronic administration of ethanol to laboratory animals and
acute administration to isolated perfused liver [6–12]. Ethanol-
induced reductive stress has received less attention than ethanol-
induced oxidative stress, but interest has been growing in recent years
due to accumulating evidence that the NADH/NAD+ system has
functions beyond serving as a cofactor for oxidation–reduction
reactions catalyzed by NAD-dependent dehydrogenases. The dis-
covery of NAD+-consuming enzymes that contribute to epigenetic
regulation [13] and the identiﬁcation of proteins that respond to
changes in the ratio of NADH/NAD+ [14] have broadened our
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Ethanol (20mM) or Propanol (20mM)
4-MP (4mM) or Pyruvate (10mM)
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Fig. 1. Scheme of the rat liver perfusion experiment. The 90-min time line represents
the duration of the perfusion in ﬂow-through mode. The position of each box indicates
the time period over which each component was infused (ﬁnal concentrations in the
inﬂuent perfusate are indicated in parentheses). Liver samples were taken by tying off
lobules at the beginning of the experiment (0 time point) and after 30 and 90 min of
perfusion, as indicated by arrows. n=6 animals per group.
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regulation of cellular processes.
In this study, we tested the hypothesis that reductive stress plays an
important role in the modulation of the intracellular concentrations of
SAM and SAH. The experiments we report here were performed on
isolated perfused rat livers in which we manipulated the redox state of
the NADH/NAD+ system by means of administration of ethanol and
other compounds that change theNADH/NAD+ ratio, andmeasured the
levels of SAM and SAH in liver tissue. Our results indicate for the ﬁrst
time that a short-termshift of the redox state of theNADH/NAD+system
rapidly modulates the intracellular concentration of methionine
metabolites in the perfused rat liver.
2. Materials and methods
2.1. Animals and their treatment
Male, Sprague–Dawley rats, weighing 300–350 g, were maintained
under standard conditions (12-hour dark/light cycle, 20–22 °C, constant
humidity, and Purina rat chow and water ad libitum). The animals were
taken for experimentation between 8.00 and 11.00 a.m. without
overnight fasting. The animals were treated in accordance with the
Guide for Care and Use of Laboratory Animals. The experimental protocol
of the study was approved by the Institutional Animal Care and Use
Committee of the University of Louisville.
2.2. Liver perfusion
The perfusion medium was Krebs–Henseleit bicarbonate buffer
continuously gassed with O2:CO2 (95:5%), at 36 °C, in a ﬂow-through
system. Gassing of the perfusate was ensured at two sites of the
perfusion system: in the pre-heating, pre-gassing, water jacketed vessel
and in an in-line rotary disc oxygenator as described by Scholz [15]. The
animals were anesthetized with sodium pentobarbital (NembutalR;
80 mg•kg−1 body weight, intraperitoneally), the abdominal cavity
opened and the portal vein cannulated at a ﬂow rate of 6–8 mL•min−1.
Immediately after cannulation and ligation in place of the portal
cannula, the infrarenal segment of the inferior vena cava was severed
and the ﬂow rate increased to 32 mL•min−1. This rate was maintained
for the entire perfusion time using a peristaltic pump (Cole Parmer
Instrument Co., Model 7554-80; Vernon Hills, IL). The portal vein
pressurewasmeasuredwith the aid of an in-line pressure gauge (Model
900AMicropressure System (World Precision Instruments, Sarasota, FL)
according to manufacturer's instructions, and ﬂuctuated between 12
and 14 mmHg. A second, outﬂow cannula was inserted through the
right atrium in the supradiaphragmatic segment of the inferior vena
cava and ligated in place. At this point, the infrarenal segment of the
inferior vena cava was ligated and the perfusate diverted entirely
through theoutﬂowcannula. Theperfusion continued inaﬂow-through
mode for 90 min. At the beginning of the perfusion, which occurred
approximately 6 min after opening the abdominal cavity, the caudate
lobe of the liver was tied off and immersed in liquid nitrogen. Then, a
continuous infusion of amixture of D-glucose (5 mM) and L-methionine
(1 mM; both ﬁnal concentrations in the perfusate) was started and
maintained until the end of perfusion. Glucose and methionine were
included in all perfusates to ensure an adequate supply of ATP and
methionine, the substrates for SAM synthesis by MAT. Livers were
perfused for 30 min to establish equilibrium, then concentrated
solutions of test compounds (i.e., ethanol, propanol, 4-methylpyrazole
and/or pyruvate) were added with the aid of microprocessor-assisted
infusion pump (KD Scientiﬁc, Model 200, New Hope, PA) into a 2 mL
infusion chamber placed in linewith the perfusion line at a constant rate
of 0.5 mL•min−1. The stock solutions were prepared such that they
would be diluted to the appropriate concentrations in the infusion
chamber. Inﬂuent and efﬂuent perfusate samples were collected every
10 min throughout theentireperfusion timeand immediatelyprocessedfor lactate andpyruvatemeasurements bydeproteinization inperchloric
acid. Thirtyminutes after the start of D-glucose+L-methionine infusion,
the papilliform lobe of the liver was tied off and immersed in liquid
nitrogen. Sampling of the lobes was made such that no leakage of the
liver occurred during the perfusion. Immediately after the sampling of
the papilliform lobe, infusion of other compounds was started and
continued for the remaining 60 min of perfusion. The 90-min time point
marked the end of the perfusion when a third part of the liver, the
bipartite lobe, was tied off and immersed in liquid nitrogen. A scheme of
the liver perfusion is given in Fig. 1.
2.3. Liver biochemical assays
Liver tissue was analyzed for SAM and SAH using a high-
performance liquid chromatography procedure [16]. Fifty- to one
hundred-milligram pieces of frozen liver stored at −85 °C were
treated with 10 volumes of 5% (w/v) metaphosphoric acid on ice,
homogenized with a glass-to-glass Potter-Elvehjem homogenizer,
centrifuged for 30 min at 15,000×g, and the supernatant used for
metabolite assays. All operations were performed at ice temperature.
2.4. Perfusate biochemical assays
The efﬂuent perfusate was deproteinized in perchloric acid, and
lactate and pyruvate concentrations were determined using enzymatic
methods described in Ref. [17]. The deproteinization step was included
to prevent interconversion between lactate and pyruvate catalyzed by
lactate dehydrogenase that may have been released during perfusion.
2.5. Statistical analysis
Thestatistical analysiswasperformedusingGraph-PadPrismversion
5.01 for Windows. Data are expressed as mean±standard error of the
mean (SEM). One-way analysis of variance (ANOVA) andStudent's t test
were performed to evaluate signiﬁcant differences between thedifferent
experimental conditions. p-Values≤0.05 were considered signiﬁcant.
3. Results
3.1. Ethanol and propanol induced amarked shift of the NADH/NAD+ redox
couple to a more reduced state in the rat liver
In the isolated perfused rat liver model used in the present studies,
the redox state of the cytoplasmic NADH/NAD+ redox couple was
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in the efﬂuent perfusate [6,13]. Because lactate and pyruvate are in
equilibrium with free NADH and NAD+through the reaction
catalyzed by lactate dehydrogenase (EC 1.1.1.27; reaction 1), the
ratio of lactate/pyruvate is proportional to the ratio of NADH/NAD+.
Therefore, we used the lactate/pyruvate ratio in the efﬂuent perfusate
as a measure of NADH/NAD+, and by altering the concentrations of
lactate and pyruvate in the inﬂuent perfusate we could control the
intracellular NADH/NAD+ ratio.
Lactateþ NADþ↔Pyruvateþ NADH ðReaction 1Þ
When a mixture of lactate and pyruvate at physiological
concentrations (1 mM and 0.1 mM, respectively) and at a ratio of
10:1 was infused, the ratio of lactate/pyruvate in the efﬂuent was
maintained close to 10:1 during the entire perfusion (Fig. 2). Infusion
of either ethanol or propanol induced a marked increase of the lactate
to pyruvate ratio in the efﬂuent, reaching 45.9±3.0 and 25.1±2.0,
respectively, at the end of perfusion. The effect of both alcohols was
markedly blocked by co-infusion of 4-methylpyrazole, an inhibitor of
alcohol dehydrogenase [18].
3.2. Ethanol and propanol decreased SAM content of the liver
In the absence of alcohols, a relatively stable concentration of
hepatic SAM was reached within 30 min after the start of perfusion
and was maintained until the end of the perfusion. As described in
Materials and methods, all perfusion media contained glucose and
methionine to ensure that neither ATP nor methionine, the two
substrates for SAM synthesis, became limiting over the course of the
experiments. Upon infusion of ethanol or propanol, SAM content in
the liver at the end of perfusion was decreased (Fig. 3). Thus,
ethanol produced a decrease from 176.7±22.1 nmol•g−1 liver to
73.4±7.0 nmol•g−1 liver (pb0.05), while propanol produced a
smaller decrease, i.e., to 120.0±6.7 nmol•g−1 liver (pb0.05). The
effect of ethanol was blocked by 4-methylpyrazole. The inhibitor
alone did not affect the intracellular content of SAM or SAH (not
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Fig. 2. Infusion of ethanol or propanol shifts the NADH/NAD+ ratio to a more reduced
state. Isolated rat liver was perfused with ethanol (EtOH, 20 mM) or propanol (Prop,
20 mM), and the cytoplasmic NADH/NAD+ ratio was determined by measuring the
concentrations of lactate and pyruvate in the efﬂuent perfusate (i.e., the metabolite
indicator method). Efﬂuent perfusate samples were collected every 10 min throughout
the entire perfusion time. Ethanol and propanol induced an increase in the lactate to
pyruvate ratio. The effect of both alcohols was blocked by 4-methylpyrazole (4-MP,
4 mM), an inhibitor of alcohol dehydrogenase. *Indicates a signiﬁcant difference
(pb0.05) versus the basal value, established by infusion of glucose, methionine and a
mixture of lactate and pyruvate at a ratio of 10 (G+M).Inhibition of alcohol dehydrogenase by 4-methylpyrazole provides
evidence that the effects of ethanol andpropanol are due to the oxidation
of both alcohols by alcohol dehydrogenase.We also used a physiological
approach to counteract the effect of ethanol by infusing pyruvate, a
metabolite which would rapidly consume NADH through the reverse of
Reaction 1, thus shifting the redox state of the NADH/NAD+ system to a
moreoxidized state. Thepyruvate concentration in the inﬂuentperfusate
was increased from 0.1 mM to 10 mM, resulting in a lactate/pyruvate
ratio of 0.1. Under these conditions, the decrease in SAM concentrations
inducedby ethanolwasblunted;hepatic SAMlevelswere1.8-foldhigher
in the presence of 10 mM pyruvate than with ethanol alone (Fig. 3a). A
similar pattern was obtained with propanol and pyruvate (not shown).
3.3. Ethanol and propanol increased SAH content of the perfused liver
Like SAM, hepatic SAH reached a stable concentrationwithin 30 min
of the start of glucose+methionine infusion. Both ethanol and propanol
increased the content of SAH in the liver, and the effect was more
pronouncedwith ethanol (Fig. 4). Ethanol increased the SAH level from
12.8±1.1 nmol•g−1 liver to 26.6±1.2 nmol•g−1 liver (pb0.05), while
propanol increased the level to 18.6±1.4 nmol•g−1 liver (pb0.05).
Infusion of either 4-methylpyrazole or 10 mM pyruvate completely
blocked the effect of ethanol and propanol on the SAH content.
3.4. NADH/NAD+ redox shift induced changes in SAM to SAH ratio
Changes in the SAM and SAH content in the liver have an impact on
the SAM/SAH ratio. This ratio is taken as a marker of cellular
methylation potential because SAM serves as a donor of methyl
group while SAH inhibits methyl transfer reactions. Ethanol and
propanol signiﬁcantly (pb0.05) decreased the SAM/SAH ratio com-
pared to the basal experimental conditions: 2.7±0.6, 6.8±0.7 and
14.1±1.9, respectively. Pyruvate and 4-methylpyrazole counteracted
the effects of alcohols (Fig. 5).
4. Discussion
The goal of this study was to test the hypothesis that ethanol-
induced dysregulation of liver methionine metabolism may be
ascribed, at least in part, to ethanol-induced changes in the redox
state of the NADH/NAD+ couple. To determine this, we used isolated
perfused rat livers inwhichwemanipulated the free NADH/NAD+ redox150
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Fig. 3. Infusion of ethanol or propanol decreased hepatic SAM concentration. Isolated
rat liver was infused with ethanol (EtOH, 20 mM) or propanol (Prop, 20 mM) for
60 min, and S-adenosylmethionine (SAM) content was measured in liver lobules.
Ethanol or propanol infusion resulted in a signiﬁcant decrease of the liver SAM. The
effect of ethanol was markedly attenuated by co-infusion of 4-methylpyrazole (4-MP,
4 mM), an inhibitor of alcohol dehydrogenase, and pyruvate (Pyr, 10 mM). Groups that
do not share a common letter are signiﬁcantly different (pb0.05).
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Fig. 4. Ethanol and propanol increased hepatic SAH concentrations. The effect of ethanol
(EtOH, 20 mM) and propanol (Prop, 20 mM) on the S-adenosylhomocysteine (SAH)
content was assessed in the perfused rat liver. Ethanol and propanol resulted in a
signiﬁcant increase of liver SAH. The effect of ethanol was markedly attenuated by co-
infusion of 4-methylpyrazole (4-MP, 4 mM) and pyruvate (Pyr, 10 mM). Groups that do
not share a common letter are signiﬁcantly different (pb0.05).
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drogenases and measuring the tissue levels of SAM and SAH. These
experiments conﬁrmed earlier ﬁndings that ethanol infusion increased
the ratioofNADH/NAD+[8,11] and, through theuseof 4-methylpyrazole,
demonstrated that the increase inNADHwas largely due to the activity of
alcohol dehydrogenase. Consistent with this ﬁnding, a second alcohol
dehydrogenase substrate, propanol, had a similar effect on the NADH/
NAD+ ratio. In support of our hypothesis, conditions that increased the
NADH/NAD+ ratio (ethanol and propanol infusion) led to a decrease in
SAM, an increase in SAH, and a decrease in the SAM/SAH ratio, whereas
conditions that normalized the NADH/NAD+ ratio (4-methylpyrazole
and pyruvate) blocked the perturbations inmethioninemetabolism. The
observation that 4-methylpyrazole blocked the effects of ethanol and
propanoldemonstrated that formationofNADHby theNAD+-dependent
alcohol dehydrogenase is necessary for the changes in SAM and SAH
content rather than other factors related to the molecular properties of
the two alcohols such as their effects on membrane ﬂuidity.
It is not clearwhether a change in the NADH/NAD+ ratio is sufﬁcient
to induce changes in SAM and SAH. In addition to NADH, aldehydes are
also products of the alcohol dehydrogenase-catalyzed oxidation of
ethanol and propanol, and acetaldehyde (ethanal) and propionaladehyde15
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Fig. 5. The SAM/SAH ratio decreased in rat liver perfused with ethanol (EtOH, 20 mM)
or propanol (Prop, 20 mM). The SAM/SAH ratio was calculated from the hepatic
concentrations of SAM and SAH. The ratio was restored by infusion of 4-methylpyrazole
(4-MP, 4 mM) or pyruvate (10 mM). Groups that do not share a common letter are
signiﬁcantly different (pb0.05).(propanal) may have contributed to the changes in methionine
metabolism. We consistently observed that the effects of propanol on
NADH/NAD+ and SAM/SAHwereweaker than the effects of ethanol even
though rat liver alcohol dehydrogenase has the same Km for both ethanol
and propanol, and propanol is oxidized by the perfused rat liver at the
samevelocity as ethanol [19]. One potential explanation for the observed
differences between ethanol and propanol may be that subsequent
metabolic steps occur at different rates. The second enzyme in the
metabolism of both ethanol and propanol is aldehyde dehydrogenase
(EC 1.2.1.3), which is also NAD+-dependent. If propionaldehyde is
oxidized at a lower rate than acetaldehyde, then less NADH would be
produced. When excess pyruvate was infused, the rates of metabolism
of both the parent alcohol and the product aldehyde by alcohol
dehydrogenase and aldehyde dehydrogenase, respectively, would be
expected to increase due to increased re-oxidation of NADH to NAD+.
Others have shown thatwhen glyceratewas used to increase the rate of
NADH re-oxidation in ethanol-fed rats, the clearance of ethanol was
increased and there was a trend toward increased acetaldehyde levels
[20], suggesting that oxidation of ethanol to acetaldehyde was faster
than oxidation of acetaldehyde to acetate.Wedid notmeasure aldehyde
concentrations as part of this study, but it is unlikely that aldehyde
concentrations decreased signiﬁcantly upon infusion of pyruvate.
Therefore, the effects of pyruvate on ethanol- and propanol-induced
changes in SAM and SAH levels are probably not the result of decreased
aldehyde levels.
Earlier studies showed that chronic exposure to ethanol decreased
SAM and increased SAH [3,4,16,21–24]. We reproduced these effects
with an acute exposure to ethanol as well as propanol. It is not clear
whether similar mechanisms are responsible for both the acute and
chronic effects. Little is known about the effects of ethanol on SAM
and SAH at very early time points; it is possible that the SAM/SAH
ratio decreases transiently as an early response to ethanol exposure,
coincident with an early shift in the NADH/NAD+ ratio [7]. The shift in
the NADH/NAD+ ratio tends to be less pronounced in chronic ethanol
exposure models than in acute models [25,26] as a result of increased
re-oxidation of NADH and/or increased metabolism of ethanol
through enzymes other than alcohol dehydrogenase [27]. While
acute ethanol exposure can produce more dramatic changes in the
NADH/NAD+ ratio, changes similar to those described here have been
observed in chronic ethanol models. Direct measurement of the
NADH/NAD+ ratio in rats fed ethanol intragastrically for 1 month
showed a 3- to 10-fold increase in the ratio, depending on whether
themeasurements weremadewhen blood alcohol levels were at their
highest or lowest points [11]. Similarly, Baraona et al. reported that
although the lactate/pyruvate ratio was only 30% higher in chronic
alcohol-fed baboons than in pair-fed controls, the ratio increased 15-
fold in response to acute exposure to ethanol in both groups [28].
Therefore, changes in the NADH/NAD+ ratio similar to or greater than
the 2.5- to 5-fold increase we observed in our liver perfusion model
are achievable in chronic ethanol exposure models and may be
sufﬁcient to sustain prolonged changes in methionine metabolism.
The enzymes that directly contribute to SAM concentrations are
MAT (SAM synthesis), methyltransferases (substrate methylation),
and SAM decarboxylase (polyamine synthesis). It is not clear which of
these enzymes are responsible for the decrease in SAM levels that we
observed following infusion of ethanol or propanol. Decreased SAM
synthesis by MAT is certainly a possibility. The MAT substrates,
methionine and ATP, are probably present in sufﬁcient concentrations
(methionine was infused throughout the experiments, and ATP
depletion was not observed in an earlier study using similar
conditions [29]), but MAT activity is subject to transcriptional and
allosteric regulation [3,30]. In light of this, it will be interesting to test
the hypothesis that the NADH/NAD+ ratio modulates MAT activity.
Oxidation or alkylation of nucleophilic cysteine residues within the
MAT enzyme results in loss of activity [30–32]. Therefore, it will be
important to determine whether NADH/NAD+-dependent alterations
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electrophilic aldehydes such as acetaldehyde or lipid peroxidation
byproducts. An increase in the use of SAM as a methyl donor in
methyltransferase reactions would also account for the decrease of
SAM and the increase of SAH. Another possibility is that SAM is used in
other reactions such as polyamine formation which would divert a
part of its pool from SAH formation, but this pathway has not been
tested in ethanol exposed liver.
SAH is a product of SAM-dependentmethyltransferases (EC 2.1.1.X)
and is a feedback inhibitor of many of these enzymes [33]. Using the
average total water content of 0.74 mL•g−1 liver measured at the
beginning and end of the perfusion (not shown), we calculated the
intracellular concentration of SAH after 90-min infusion of ethanol to be
approximately 43 μM. This concentration is within the range at which
SAH inhibits several methyltransferase reactions, including RNA
methyltransferases (EC 2.1.1.X) and glycine methyltransferase (EC
2.1.1.20) [34,35]. An increase in SAH relative to SAM could therefore
lead to decreasedmethylation of various cellular components, including
proteins, nucleic acids and lipids. In addition, SAH is themain precursor
of circulating homocysteine whose increased levels are implicated as a
risk factor in a number of diseases, particularly of the cardiovascular
system [36]. Therefore, an increase in SAHmay have far reaching effects
on cell function and disease progression.
The precise mechanisms underlying the increase in intracellular
concentrationsof SAH in the liver of alcohol exposedanimals arenot fully
understood. The intracellular concentration of SAH reﬂects the balance
between the rate of formation and the rate of elimination by SAHH-
mediated hydrolysis to homocysteine and adenosine. SAHcan be formed
in twoways: by SAM-dependentmethyltransferases, as discussed above,
and by SAHH-mediated synthesis from homocysteine and adenosine
(the reverse of the hydrolysis reaction). A potential mechanism for the
increase in SAH that we have observed may be a decrease in SAH
hydrolysis catalyzed by SAHH. Decreased activity of SAHH has been
reported in the livers of micropigs fed alcohol, but this was most likely
due to a decrease in expression levels of the enzyme [4]. An intriguing
possibility with respect to the current studies is that SAHH activity may
be sensitive to changes in the redox state of the NADH/NAD+ system. In
SAHH,NAD+ is tightly bound to the enzyme andacts catalytically in both
the forward and reverse reactions [37,38]. Replacing NAD+ with NADH
in the active site inhibits SAHH hydrolysis activity by increasing its
afﬁnity for adenosine [39]. The active site of SAHH is not in rapid
equilibrium with the pool of free NADH/NAD+, but under conditions of
chronic reductive stress this regulatory mechanism may become more
important. Newly synthesized SAHH must bind NAD+ in order to
become catalytically active. During this time, therefore, the redox state of
the free NADH/NAD+ pool may have an impact on the redox state of the
enzyme bound NADH/NAD+. Such a scenario may be encountered in
long-term alcohol exposure of the liver as happens in human ethanol
abusers and in animals chronically exposed to alcohol.
5. Conclusions
The data presented in this study suggest that the shift in the redox
state of the NADH/NAD+ system to a more reduced state causes rapid
changes in liver methionine metabolism, reﬂected by decreased SAM
and increased SAH content. These observations provide a totally new
mechanism for the metabolically important changes in SAM and SAH
observed in alcoholic liver disease. Furthermore, the data add a novel
metabolic pathway to an already large list of processes that are
regulated by the redox state of the NADH/NAD+ system [13,40].
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